This paper belongs to a series of applications of the Baccetti et al, formula (1) 
INTRODUCTION
In a recent paper (1) we introduced a mathematical formula able to evaluate the structural and functional sperm integrity by computerizing the submicroscopical characteristics of human spermatozoa examined by transmission electron microscopy. This technique had the advantage of evaluating the fertility power of the ejaculate; because it was carried out not only considering morphological, descriptive qualities, but also including submicroscopic parameters directly involved in lhnctional processes, such as acrosomal reaction and flagellar motility. Moreover, the status of the various organelles provided relevant information concerning the origin of the eventual malformations (immaturity, infections, genetic alterations, etc.). Consequently we decided to apply the new tool to the field of assisted reproduction, where the evaluation of sperm quality is particularly important. In our first paper in this series (2) we reviewed the various methods of sperm evaluation hitherto used in human assisted fertilization, and we presented the results of a study carried out on 40 intracytoplasmic sperm injections practiced in the hospital at Ulm. With this research we were able to demonstrate that sperm quality is significantly important for the success of ICSI. In the present paper we applied the same submicroscopic mathematical technique in the evaluation of human ejaculates used in classic IVF (in vitro fertilization and embryo transfer), to correlate sperm integrity with successful IVE In the case of classic IVF the need for a good degree of spermatozoon quality is evident. For this reason various techniques of evaluation were employed previously. Most authors attempted acrosome evaluation using various tests where fertilizing capacity in vitro was correlated with acrosome dimensions or uttrastructural damage (3), also, acrosin and proacrosin activities were used as tests (4) (5) (6) (7) (8) (9) (10) , eventhough Yang et aL ( 11 ) found that they were not correlated with IVF. Recently Gabriel et at. (12) suggested staining the acrosome with fluorescent wheat germ agglutinin. As far as the nucleus is concerned, Oehninger eta/. (13) (17) correlated round germ cells (round nuclei) with unsuccessful IVF; similarly, Schmiady et al. (18) reached the same conclusion concerning the so-called "round-headed" spermatozoa, and also Bartoov et al. (19) , Escalier and Bisson (20) , David and Escalier (21 ) , and Carlon et al. (22) attempted quantitative electron microscopy of the nucleus simply on the basis of the percentage of head morphological alterations. Therefore electron microscopy, mainly for the absence of valid statistic evaluation, offered limited information to IVF, eventhough a good treatise on the human sperm morphology at the light and electron microscopy level appeared recently (23) . In fact most of the other authors suggest that an association among the values of number, motility, and classic optical morphology of the entire spermatozoon has major predictive importance (24, 25) . It was demonstrated that if the morphology is evaluated by "strict criteria," read by a computerized method , it is more accurate than the parameter suggested by the WHO (33) and more predictive of success in IVF (34, 35) . Nevertheless, light microscopical morphology seems, to other authors, not to be correlated with pregnancy rates (36) , and furthermore, not sufficient as the only predictive parameter (37) , and entails many problems in reproducibility (38). The method of Baccetti et al. (1) promises to solve most of the problems.
MATERIALS AND METHODS

Patients
Couples entering an IVF program for the first time were recruited into this study. Entry criteria were a male factor or a tubal factor representing the cause of sterility, a duration of sterility of more than one year, and a positive follicle aspiration after hormonal stimulation. Both partners were required to have a complete infertility workup. The study group did not contain female patients with a poor response to ovulation induction. The results of combined gynecologic and andrologic examination pointed to a male factor or tubal factor being responsible for infertility in all cases. Untreatable hormonal irregularities were ruled out.
In Vitro Fertilization
All the protocols for oocyte insemination were similar for all patients. For stimulation and induction of ovulation, women were treated with human menopausal gonadotropin and human chorionic gonadotropin. Starting with day 8 of the cycle in all patients, follicle diameter and serum E2 concentration were measured. Ovulation was induced by administration of 10,000 IU human chorionic gonadotropin. Protocols for stimulation, follicle aspiration, insemination, and embryo transfer have been described previously (37, 38) . The number of oocytes retrieved was not identical to the number of oocytes used for in vitro fertilization (Table I , second column): in fact, in addition to the IVF procedure, other techniques were performed in many cases, and the oocytes were divided. Other gynecological information is as follows: (a) age of women patients (means years -SD)I32.1 4-4. I; (b) obstetric history--healthy babies, with no malformations observed; (c) basal FSH level on day 3I<10 mlU/ml in all cases; (d) peak E2 levels (mean pg/ml _ SD7--1458 +__ 355; (e) number of follicles aspirated (mean _+ SD)--6.9 +__ 3.4; and (f) number of mature oocytes retrieved (means _+ SD)--5.9 _ 3.8. Fertilization was diagnosed when, 18 to 24 hr after insemination, two pronuclei were visible.
Semen Samples
Semen samples were collected from the male partners of the infertile couples. After liquefaction of the ejaculate, sperm concentration and motility were determined according to the WHO laboratory manual (33) and a swim-up preparation was performed as described previously (2) . The sperm count after sperm processing ranged from 7 to 104 million spermatozoa/ml. An aliquot of sperm suspension containing 200,000 motile spermatozoa was added to the oocyte, An aliquot of the total ejaculate was used for the electron microscopic analysis.
Electron Microscopy
A fraction of the sperm collected for IVF, but not submitted to any selection procedure, was fixed in cold Karnovsky (47) fluid and maintained at 4°C for 2hr. The fixed semen was then centrifuged at 4000g for 15 min. The pellet was removed from the centrifuge tubes, washed in 0.1 M cacodylate buffer (pH 7.2) for 12hr, postfixed for l hr at 4°C in 1% buffered osmium tetroxide, dehydrated, and embedded in Epon araldite. The sections, cut with an ultramicrotome Supernova (Reickert Jung, Wien, Austria), were collected on copper grids, stained with uranyl acetate and lead citrate, observed, and sometimes photographed with Philips EM 301 and Philips CM 10 electron microscopes (Philips Scientific, Eindhoven, The Netherlands). Baccetti et al. (1) proposed the following formula, valid for a real system of 15 variables, which allows precise simultaneous evaluation of the totality of studied characters and determination of both the total number and the percentage of spermatozoa free of defects in the ejaculate.
Mathematical Evaluation of Submicroscopic Sperm Characteristics
$r = P(YI
where, fori = I andi =., ~ it holds that
where n is the number of sections examined and h is the number of sections in which the defect has not been found, while the other terms are rather complicated.
In general, we have
In the preceding formulas s is the event that in a sample of n trials, h are found to be favorable4; Pt, q~, P2, and q2 are values chosen following the opinion of an expert; Oi and 02 are, respectively, the values of P(YIIB) and P(Yllnot B), seen as random variable; and et is P(B) (which must have been calculated previously).
RESULTS
The results obtained after submicroscopic evaluation of the 50 ejaculates used for IVF in 50 sterile couples are presented in Table 1 . This table contains the synthetic ultrastructural sperm parameters of the male patients, including the total number of spermatozoa in ejaculates used and the two indices obtained by the formula of Baccetti et aL (I), i,e,, the percentage of spermatozoa devoid of defects and the number of "healthy" spermatozoa in the whole ejaculate used. The fertilization rate in the in vitro tested oocytes is also reported, Examination of Table I shows that the unfertilized oocytes generally belong to women whose partners have a total number of spermatozoa devoid of defects below 1 million. The only exception is couple 16, which was unable to fertilize in vitro even if the male had an excellent ejaculate ("healthy" spermatozoa of 1.6092% and more than 10 million in the total ejaculate). In this case the infertility is probably due to the quality of the oocyte. On the contrary, patients having more than 1 million "'healthy" spermatozoa in the total ejaculate generally are able to fertilize one or more oocytes. The only exceptions are patients 45 and 47, who were able to fertilize most of the tested oocytes (two of three and three or four, respectively). It is remarkable that the males fertilizing 100% of the oocytes (patients 48-50) have the highest numbers of "healthy" spermatozoa.
We can see the phenomenon clearly in Figs. 1 ~md 2. Figure I shows only the couples that were unable to fertilize their oocytes, and the low quality of spermatozoa is evident. Figure 2 shows the couples obtaining a successful IVF, having a good quality of spermatozoa. Comparison of the means of sperm quality in the two groups of successful and unsuccessful IVF (Table ll) After this general observation we tested, by electron microscopy, the percentage of "'health" in the various submicroscopical sperm organelles, comparing successful and unsuccessful IVF (Table II1, Figs. 3 and  4) . The t distribution demonstrates some interesting features. The sole characteristics that have almost the same quality in the two IVF groups are the cytoplasmic residues and the shape of the tail (Figs, 5, 7, 8-16 ). Absent residues and a normal tail shape have similar values in the two groups, and the t distribution indicates no significance (Table !II (Figs. 5-16 ). All these characteristics enable the spermatozoon to fuse with the oocyte and to penetrate it.
D I S C U S S I O N
In this paper we continue to apply the formula of Baccetti et al. ( 1 ) in the submicroscopic evaluation of human spermatozoa used for assisted reproduction. In the first paper in this series we demonstrated that in the case of ICSI, the success of the technique is, in some way, related to indices offered by the formula, This was particularly true for the characteristics of the acrosome and the nucleus, which showed significant differences between successful and unsuccessful cases, The present experiment concerns tVF, where sperm quality, evaluated with routine methods (motility, acrosomal characteristics, cell shape), was proposed as useful parameter in predicting the success of fertiliza-PIOMBONI ET+4L. tion (24, 25) . The light microscopy "strict criteria" of Kruger et al, (26, 29, 30) have been successfully used on many occasions, although some problems arose, due mostly to the morphology characters being analyzed only by low-resolution microscopy, which yelded little information on their functional aspects. Our results demonstrate that the sperm submicroscopic characters introduced in the formula of Baccetti et al. (I) are clearly correlated with the result of IVF. In fact, the means of the two parameters concerning sperm quality (percentage and total number of "'healthy" spermatozoa) obtained in successful and unsuccessful IVF groups show a large difference, having a t distribution of 0.005. The synthetic parameters obtained are therefore a good tool in the prediction of sperm power in view of in vitro fertilization. Evaluation of sperm quality has been carried out also on single characteristics, always comparing successful and unsuccessful IVF groups. We have demonstrated that IVF success is based mainly on the quality of the acrosomal complex, the status of the chromatin, the shape of mitochondria, the axonemal pattern, and the acrosomal complex, the status of the chromatin, the shape of mitochondria, the axonemal pattern, and the membrane integrity. All these characters are expressed with largely different means in successful and unsuccessful ejaculates (t distribution significant at 0.005).
On the contrary, the persistence of cytoplasmic residues and the shape of the axoneme (which is frequently rolled up in infertile individuals) do not seem to influence significantly the in vitro fertilizing ability of human spermatozoa, clearly because spermatozoa are selected before fertilization on the basis of their motility after swim-up. These data, as the previous ones, obtained from ICSI experiments (2), are very important in understanding the complex role played by spermatozoa in assisted fertilization. After these observations the formula is confirmed to be able to allow synthetic evaluation of the fertilizing ability of spermatozoa in view of IVE In fact, negative results are mostly obtained by ejaculates having, in total, less than 2 million "spermatozoa devoid of defects," insufficient for natural fertilization ( I ); most of them have numbers of between 0 and 500,000. The only exception may be due to oocyte problems. The positive results have been obtained in ejaculates with numbers higher than 100,000 (only one oocyte was fertilized by about 23,000 "'healthy" spermatozoa), and generally, all the ejaculates have a number of"healthy" spermatozoa higher that 1 million (reaching more than 10 million in the 100% fertilization of oocytes). The study of the percentage of "'healthy" spermatozoa strongly substantiates the conclusions obtained by the evaluation of the total number of "healthy" spermatozoa in the ejaculate. Almost all the unsuccessful IVF have a percentage of spermatozoa devoid of defects lower than 1, while most of the successful IVF have been obtained by ejaculates whose percentage of "healthy" sperms was higher than 1 or close to it. In addition, all percentages lower than 0.1 belong to the group with unsuccessful IVF, all percentages higher than 1 belong to the successful ones, and those higher than 2 have obtained fertilization percentages close to 100%.
In conclusion, we have shown that sperm quality is a major factor in the success of IVF and it is clearly revealed by the integrity of most of the sperm organelles. Moreover, all these data confirm that submicroscopic mathematical evaluation offers a convincing synthetic diagnosis of sperm structure and function, involving all sperm characters, including acrosome function and cell motility.
The higher advantage offered by the present method, in the fields of both assisted fertilization and general control of the male infertility, is not only evaluation (absolute and in percentage) of the number of spermatozoa free of defects, but also information on the origin of the various malformations and control of the results (33) because it e n a b l e s us to e x a m i n e single organelles and to practice a statistical synthesis including motility (resolved in its structural m a c h i n e r y ) and also the a n a m n e s i s of the detects. T h e "'strict criteria" on m o r p h o l o g y (26, 29, 30) give a result that can be c o m p a r e d in some way to that offered by routine electron microscopy (23) and offer the a d v a n t a g e of a rapid procedure on a large n u The latter problem is resolved by our formula ( 1 ); the first is intrinsic in the instrument itself and wilt be solved only through an efficient collaboration. Following our improvement the advantages of this method will remain the submicroscopic analysis of organelles+ the statistical synthesis in cell populations, and the anamnestic and diagnostic power, also in comparison to the "strict" criteria, which, however, continue to be an easier and reasonably informative procedure. Mathematical electron microscopy is more severe (2% instead of 10% healthy spermatozoa) but more comprehensive and informative. Probably the two methods can coexist: both of them largely contribute to the definitive demonstration of the importance of sperm analysis in human infertility.
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